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INTRODUCTION

The Special Working Group on High Pressure Vessels of the Pressure Vessel
and Piping Division of ASME is writing a design code for high pressure vessels,
Many of the design methods to be codified rely on a fracture mechanics analysis
and fracture toughness properties, It is often difficult and expensive to
obtain valid fracture toughness properties from vessel forgings. The historical
approach to fracture toughness measurement has been to conduct Charoy mpact
energy tests. There have been many empirical correlations developed over the
years to determine fracture toughness from Charpy impact energy. The most
famous is the upper shelf correlation of Rolfe, Novak, and Barsom (refs 1,2).

The Rolfe-Novak-Barsom correlation was developed based on the analysis of
numerous experimental measurements of fracture toughness and Charpy impact
energy for many steels of different composition and strength. It was found that
there is a linear relationship between the square of the toughness-to-yield
strength ratio and the impact energy-to-yield strength ratio. This means that
if the yield strength and upper shelf Charpy V-notch impact energy are known,
then the fracture toughness can be determinad.

The equation of the straight line that fits the data was determined from
the data available to the developers of the correlation. At that time, there
was no significant data base for the toughness of ASTM A723 steel--the stee]
most commonly used to manufacture high pressure vessels. The purpose of this
report is to determine if the Rolfe-Novak-8arsom correlaticn can be used to

astimate the fracture toughness of ASTM A723 steel from upper shelf impact

energy and yield strength measurements.




PROCEDURE
The Rolfe-Novak-Barsom upper shelf correlation is given mathematically as
{;3‘5}' - l cvm . o.osJ (1)
Y Y
where Oy is the yield strength in Ksi, CVN is the Charpy impact energy in ft-
bs, and Ky. is the fracture toughness in KsiVin.

Equation (1) shows that there is a linear relationship between the square
of the fracture toughness-to-yield strength ratio and the Charpy impact energy-
to-yield strength ratio. To determine the adequacy of Eq. (1) for estimating
fracture toughness from impact energy for any material, both the fracture tough-
ness and the Charpy impact energy at various strength levels must be known.
from these data, the correlation parameters (ratios) can be determined and then
plotted. The measured results are then compared with the values obtained from
Eq. (1). An analysis of this comparison will determine whether Eq. (1) is ade-
quate to predict fracture toughness from Charpy impact energy.

Fracture toughness and Charpy impact enerqQy data for ASTM A723 steel were
presented in graphical form by Underwood (ref 3). That data, along with addi-
tional unpublished results by Thornton (ref 4), are given in tabular form in
Table I. The composition of the steels in the table is generally that of ASTM
AT23. However, the steels consist of various grades of ASTM A723 and have been
neited from various refining practices, aithough there is no bias towards any
particular grade or refining practice. The strength range of the data does not
encompass the entire range of the strength classes in ASTM A723. Class 1 (100
Ksi minimum yield strength) and Class 2 (120 Ksi minimum yield strength) are not

represented, but Classes 2a through 5 are well-covered in the table. There is

one thing that biases the results here: fracture toughness and Charpy impact




energy measurements were not made at the same temperature. The Charpy impact
energy was measured at -40°F, and the fracture toughness was measured at +70°F.
The room temperature impact energy could be significantly higher than the low
temperature impact snergy if the low testing temperature is below the upper
shelf minimum temperature. However, experience with this alloy (ref 5) suggests
that for the data reported here, the minimum upper shelf temperature should be
Tower than -40°F.

To determine the adequacy of the Rolfe-Novak-Barsom correlation, the data
from Table 1 are normalized to the appropriate parameters for the correlation
and compared with the predicted relationship from €q. (1). The normalized
parameters are the final two columns in the table and the comparison is depicted
graphically in Figure 1.

An analysis of the plot shown in Figure 1 shows that Eq. (1) provides an
excellent lower bound of the measured data. Virtually all of the data fall
above and to the left of the Rolfe-Novak-Barsom correlation. Essentially, none
of the data fall below the 1ine described by E£q. (1). Bounding the measured
data in this manner means that the Rolfe-Novak-Barsom correlation is conserv-
ative, For a given yield strength and Charpy impact energy, the
Rolfe-Novak-Barsom correlation predicts a fracture toughness less than that
actually measured. This underestimation could be the result of the different

testing temperatures.

SUMMARY ANO CONCLUSION

A large quantity of data for ASTM A723 stee) correlating yield strength,
impact energy, and fracture toughness has been compared with the
Rolfe-Novak-Barsom correlation. The general conclusion is that this correlation

is conservative, because if fracture toughness is estimated from Charpy impact
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energy measursments, the estimated toughness is less than the actual measured
value. The data may be somewhat questionable, however, because the fracture
toughness and Charpy impact energy were measured at different temperatures.
However, experience with the alloy suggests that both toughness and Charpy
impact energy were upper shelf values, Therefore, it is our conclusion that for
correlation purposes, the Rolfe-Novak-Barsom relationship is adequate for esti-

mating fracture toughness from Charpy V-notch impact energy and yield strength

Mmeasurements.
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TABLE I. COMPILATION OF STRENGTH AND TOUGHNESS DATA
FOR ASTM A723 PRESSURE VESSEL STEEL*

| | ]
Ys Ky CVN Ys Ky CVN CVN/YS (K1c/YS)?
(MPa) (HPaﬁEj {J) {(Ksi) LK;&?TE.) (fet-1bs) | (ft-1bs/Ksi) {in.)
1090 184 61 158.1 167.5 44.9 0.28 1.12
1090 202 67 158.1 183.8 49.3 0.31 1.35 |
1090 202 69 158.1 183.8 50.7 0.32 1.35
1110 190 57 161.0 172.9 41.9 0.26 1.15
1110 190 60 161.0 172.9 44.1 0.27 1.15
1110 187 56 161.0 170.2 a1.2 | 0.26 1.12 |
1110 187 53 161.0 170.2 39.0 | 0.24 1.12 |
1170 157 a1 169.7 142.9 30.1 0.18 0.7 |
11170 157 42 169.7 142.9 30.9 0.18 0.71 |
1170 157 a4 169.7 142.9 32.4 0.19 0.71 |
1170 165 41 169.17 150.2 30.1 0.18 0.78 |
1170 165 42 169.7 150.2 30.9 0.18 0.78
1170 165 37 169.7 150.2 21.2 0.16 0.78
1170 165 37 169.7 150.2 27.2 0.16 0.78
1210 140 24 175.5 127.4 17.6 0.10 0.53
1210 140 25 175.5 127.4 18.4 0.10 0.53
1210 140 26 175.5 127.4 19.1 0.11 0.53
1210 140 27 175.5 127.4 19.9 0.11 0.53
1210 140 28 175.5 127.4 20.6 0.12 0.53
1210 140 29 175.5 127.4 21.3 0.12 0.53
1210 166 31 175.5 151.1 22.8 0.13 0.74
1210 166 32 175.5 151.1 23.5 0.13 0.74
1210 166 33 175.5 151.1 24.3 0.14 0.74 |
1210 166 35 175.5 151.1 25.1 0.15 0.74
1210 166 317 175.5 151.1 27.2 0.16 0.74
1280 126 25 185.7 114.7 18.4 0.10 0.38
1280 126 30 185.17 114.7 22.1 0.12 0.38
1280 126 34 186.7 114.7 25.0 0.13 0.38
1280 126 24 185.7 114.7 17.6 0.10 0.38
1280 126 33 185.7 114.7 24.3 0.13 0.38
1280 126 29 185.7 114.7 21.3 0.11 9.38
1280 146 25 185.7 132.9 18.4 0.10 0.51
1280 146 30 186.7 132.9 22.1 0.12 0.51
1280 146 34 185.7 132.9 25.0 0.13 0.51
1280 146 24 186.7 132.9 17.6 0.10 0.51
1280 146 33 185.7 132.9 24.3 0.13 0.51
1280 146 29 185.7 132.9 21.3 0.11 0.51
1340 122 23 194.4 111.0 16.9 0.09 0.33
1340 122 25 194.4 111.0 18.4 0.09 0.33
1340 122 27 194.4 111.0 19.9 0.10 0.33
1340 122 28 194.4 111.0 20.6 0.11 0.33
1340 131 23 194.4 119.2 16.9 0.09 0.38
1340 131 25 194.4 119.2 18.4 0.09 0.38

*References 3 and 4




TABLE I. CONT'D

. YsS K1 CVN YsS K1 CVN CVN/YS (Kyc/YS)?
(MPa) (npaf’ﬁ) (J) (Ks3) U(stih.) (ft-1bs) | (ft-1bs/Ksi) (in.)

. 1340 131 27 194.4 119.2 19.9 0.10 0.38
1340 131 28 194.4 119.2 20.6 0.11 0.38
1198 160 29 173.8 146.0 21.1 0.12 0.71
1190 163 29 172.6 148.0 21.5 0.12 0.74
1198 166 28 173.8 151.0 20.5 0.12 0.75
1033 231 80 149.8 210.0 58.8 | 0.39 1.97
1033 229 | 83 149.8 208.0 61.2 | 0.41 1.93
1033 2317 82 149.8 | 216.0 60.0 9.40 2.08
896 275 106 130.0 250.0 78.0 0.60 3.70 |
898 2175 107 130.3 250.0 78.8 0.60 3.68 |
898 266 106 130.3 242.0 | 18.0 0.69 3.45 |
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Figure 1. Comparison of measured Charpy impact and fracture toughness
. correlation with the Rolfe-Novak-Barsom correlation for ASTM
AT23 pressure vessel steel.




TECHNICAL REPORT INTERNAL OISTRIBUTION LIST

NO. OF
. COPIES
CHIEF, DEVELOPMENT ENGINEERING DIVISION
. ATTN: SMCAR-CCB-DA 1
~-0C 1
-01 1
-DR 1
-DS (SYSTEMS) 1
CHIEF, ENGINEERING SUPPORT DIVISION
ATTN: SMCAR-CCB-S 1
-5D
~SE 1
CHIEF, RESEARCH DIVISION
ATTN: SMCAR-CCB-R 2
-RA 1
~RE 1
-RM 1
-RP 1
-RT 1
TECHNICAL LIBRARY 5
ATTN: SMCAR-CCB-TL
TECHNICAL PUBLICATIONS & EDITING SECTION 3
ATTN: SMCAR-CCB-TL
OPERATIONS DIRECTORATE 1
ATTN: SMCWV-QDP-P
OIRECTOR, PROCUREMENT DIRECTORATE 1
ATTN: SMCWV-PP
DIRECTOR, PRODUCT ASSURANCE OIRECTORATE 1

ATTN: SMCWV-QA

NOTE: PLEASE NOTIFY DIRECTOR, BENET LABORATORIES, ATTN: SMCAR-CCB-TL, OF
ANY ADDRESS CHANGES.




TECHNICAL REPORT EXTERNAL OISTRIBUTION LIST

NO. OF NO. OF
COPIES COPIES '
ASST SEC OF THE ARMY COMMANDER
RESEARCH AND DEVELOPMENT ROCK ISLAND ARSEMNAL
ATTN: DEPT <OR SCI AND TECH 1 ATTN: SMCRI-ENM
THE PENTAGON ROCK ISLAND, IL 61299-5000
WASHINGTON, 0.C. 20310-0103
DIRECTOR
ADMINISTRATOR US ARMY INDUSTRIAL BASE ENGR ACTV
DEFENSE TECHNICAL INFO CENTER ATTN: AMXIB-P
ATTN: DTIC-FDAC 12 ROCK ISLAND, IL 61299-7260
CAMERON STATION
ALEXANDRIA, VA 22304-6145 COMMANDER
US ARMY TANK-AUTMV R&D COMMAND
COMMANDER ATTN: AMSTA-DDL (TECH LIB)
US ARMY ARDEC WARREN, M1 48397-5000
ATTN: SMCAR-AEE 1
SMCAR-AES, BLDG. 321 1 COMMANDER
SMCAR-AET-0, BLDG. 351N 1 US MILITARY ACADEMY
SMCAR-CC 1 ATTN: DEPARTMENT OF MECHANICS
SMCAR-CCP-A 1 WEST POINT, NY 10996-1792
SMCAR-FSA 1
SMCAR-FSM-E 1 US ARMY MISSILE COMMAND
SMCAR-FSS-D, BLDG. 94 1 REDSTONE SCIENTIFIC INFO CTR
SMCAR-IMI-1 (STINFO) BLDG. 59 2 ATTN: DOCUMENTS SECT, BLDG. 4484

PICATINNY ARSENAL, NJ 07806-5000

DIRECTOR

US ARMY BALLISTIC RESEARCH LABORATORY

ATTN: SLCBR-0D-T, BLDG. 306

1

ABERDEEN PROVING GROUND, MD 21005-5066

OIRECTOR

US ARMY MATERIEL SYSTEMS ANALYSIS ACTV

ATTN: AMXSY-MP

1

ABERDEEN PROVING GROUND, MD 21005-5071

COMMANDER

HQ, AMCCOM

ATTN: AMSMC-IMP-L

ROCK ISLAND, IL 61299-6000

NOTE:

REDSTONE ARSENAL, AL 35898-5241

COMMANOER

US ARMY FGN SCIENCE AND TECH CTR
ATTN: DRXST-SD

220 7TH STREET, N.E.
CHARLOTTESVILLE, VA 22901

COMMANDER

US ARMY LABCOM

MATERIALS TECHNOLOGY LAB
ATTN: SLCMT-IML (TECH LIB)
WATERTOWN, MA 02172-0001

PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, ANC ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.




TECHNICAL REPORT EXTERNAL DISTRIBUTION LIST (CONT'O)

COMMANDER

US ARMY LABCOM, ISA

~ ATTN: SLCIS-IM-TL

2800 POWDER MILL ROAD
ADELPHI, MD 20783-1145

COMMANDER

US ARMY RESEARCH OFFICE
ATTN: CHIEF, IPO

P.0. BOX 12211

NO. OF
COPIES

COMMANOER

AIR FORCE ARMAMENT LABORATORY
1 ATTN: AFATL/MN

EGLIN AFB, FL 32542-5434

COMMANDER
AIR FORCE ARMAMENT LABORATORY
ATTN: AFATL/MNF

1 EGLIN AFB, FL 32542-5434

RESEARCH TRIANGLE PARK, NC 27709-2211 MIAC/CINDAS

OIRECTOR
US NAVAL RESEARCH LAB

PURDUE UNIVERSITY
2595 YEAGER ROAD
WEST LAFAYETTE, IN 47905

ATTN: MATERIALS SCI & TECH DIVISION 1

CO%€ 26-27 (DOC LIB)
WASHINGTON, D.C. 20375

DIRECTOR

US ARMY BALLISTIC RESEARCH LABORATORY

ATTN: SLCBR-IB-M (DR. BRUCE BURNS)

1

ABERDEEN PROVING GROUND, MD 21005-5066

NO. OF
COPIES

—

NOTE: PLEASE NOTIFY COMMANDER, ARMAMENT RESEARCH, DEVELOPMENT, AND ENGINEERING
CENTER, US ARMY AMCCOM, ATTN: BENET LABORATORIES, SMCAR-CCB-TL,
WATERVLIET, NY 12189-4050, OF ANY ADDRESS CHANGES.




END

FILMED
"5-77]

DTIC




